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Objectives: This study aimed to identify key AAA-related m1A RNA methylation

regulators and their association with immune infiltration in AAA. Furthermore, we aimed

to explore the mechanism that m1A regulators modulate the functions of certain immune

cells as well as the downstream target genes, participating in the progression of AAA.

Methods: Based on the gene expression profiles of the GSE47472 and GSE98278

datasets, differential expression analysis focusing on m1A regulators was performed

on the combined dataset to identify differentially expressed m1A regulatory genes

(DEMRGs). Additionally, CIBERSORT tool was utilized in the analysis of the immune

infiltration landscape and its correlation with DEMRGs. Moreover, we validated the

expression levels of DEMRGs in human AAA tissues by real-time quantitative PCR

(RT-qPCR). Immunofluorescence (IF) staining was also applied in the validation

of cellular localization of YTHDF3 in AAA tissues. Furthermore, we established

LPS/IFN-γ induced M1 macrophages and ythdf3 knockdown macrophages in vitro, to

explore the relationship between YTHDF3 and macrophage polarization. At last, RNA

immunoprecipitation-sequencing (RIP-Seq) combined with PPI network analysis was

used to predict the target genes of YTHDF3 in AAA progression.

Results: Eight DEMRGs were identified in our study, including YTHDC1, YTHDF1-3,

RRP8, TRMT61A as up-regulated genes and FTO, ALKBH1 as down-regulated genes.

The immune infiltration analysis showed these DEMRGs were positively correlated with

activated mast cells, plasma cells and M1 macrophages in AAA. RT-qPCR analysis

also verified the up-regulated expression levels of YTHDC1, YTHDF1, and YTHDF3

in human AAA tissues. Besides, IF staining result in AAA adventitia indicated the

localization of YTHDF3 in macrophages. Moreover, our in-vitro experiments found that

the knockdown of ythdf3 in M0 macrophages inhibits macrophage M1 polarization but

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.883155
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.883155&domain=pdf&date_stamp=2022-05-10
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jianzhang@cmu.edu.cn
mailto:yanshuohan@dlut.edu.cn
https://orcid.org/0000-0002-4897-2998
https://doi.org/10.3389/fcvm.2022.883155
https://www.frontiersin.org/articles/10.3389/fcvm.2022.883155/full












Wu et al. m1A Regulation in AAA Pathogenesis

FIGURE 1 | Screening of differentially expressed m1A regulatory genes in AAA. (A) Overall heat map of the differential expression analysis; (B) The expression pattern

of 14 common m1A regulators in AAA and control samples; (C) The volcano plot of DEGs in AAA, red represents up-regulated genes and blue represents

down-regulated; (D) The volcano plot showing 8 DEMRGs in AAA, red represents up-regulated genes and blue represents down-regulated genes.

plot of DEGs (Figure 1C). Later, the overlapping between DEGs
and 14 common m1A regulators was carried out and 8 DEMRGs
were identified through the analysis. The expression pattern of
DEMRGs was shown in the mosaic plot (Figure 1B) and volcano
plot (Figure 1D). 8 DEMRGs, containing YTHDC1, YTHDF1-3,
RRP8, TRMT61A, FTO, and ALKBH1, were distinctly displayed
in Table 2. The significantly differential expression of DEMRGs
between AAA groups and control groups was illustrated in box
plots (Figures 2A–H).

The expression profile of the 8 DEMRGs was extracted and
used to establish the LASSO model (Figures 2I,J). Then, 6 genes,
including YTHDC1, YTHDF2-3, RRP8, FTO, and ALKBH1 were

identified via the LASSO binomial regression analysis based
on the value of λ.min = 0.001374812 and therefore were
qualified for the further ROC curve analysis. Thereafter, ROC
curve analysis demonstrated the AUC value of ALKBH1 (96.37),
YTHDF3 (95.77%), YTHDC1 (91.94%), YTHDF2 (87.10%), FTO
(81.05%), and RRP8 (80.04%), indicating ALKBH1, YTHDF3
and YTHDC1 may serve as potential biomarkers of AAA
with high diagnostic values (Figure 2K). To be specific,
YTHDF3 has the highest diagnosis value (with AUC > 95%)
among all the up-regulated DEMRGs, which implies the
significance of studying the potential function of YTHDF3 in our
subsequent analysis.
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Functional Enrichment and Pathway
Analysis of Co-expressed Genes of
DEMRGs
After the co-expression analysis of all the DEMRGs, a union set
of 7,237 co-expressed genes were yielded and then input into the
gene pool which was used for GO and KEGG enrichment analysis

TABLE 2 | Identification of 8 AAA-related m1A regulators.

m1A regulator Function Log2FC Adj. P Differential

expression

YTHDC1 m1A “reader” 3.849 <0.001 UP

YTHDF2 m1A “reader” 2.244 <0.001 UP

YTHDF3 m1A “reader” 2.034 <0.001 UP

YTHDF1 m1A “reader” 1.779 <0.001 UP

RRP8 m1A “writer” 1.619 <0.001 UP

TRMT61A m1A “writer” 1.252 <0.001 UP

FTO m1A “eraser” −1.080 <0.050 DOWN

ALKBH1 m1A “eraser” −1.722 <0.001 DOWN

m1A, N1-Methyladenosine; FC, Fold Change; Adj. P, Adjusted P value.

(Supplementary Material 1). As indicated by GO analysis, these
co-expressed genes were mainly involved in BPs, including
RNA catabolic process, neutrophil-mediated immunity, protein
targeting, regulation of cellular amide metabolic process and
regulation of cell cycle phase transition. In terms of CCs,
these genes were mostly enriched in the mitochondrial inner
membrane, mitochondrial matrix, cell-substrate junction and
focal adhesion. With regard to MFs, these genes were mainly
enriched in transcription co-regulator activity, GTPase regulator
activity, cadherin binding and ubiquitin protein ligase binding,
etc. Additionally, the KEGG pathway enrichment results showed
that these genes were significantly enriched in pathways
participated in chemical carcinogenesis-reactive oxygen species
(ROS), endocytosis and protein processing in endoplasmic
reticulum (ER). The outcome of functional enrichment and
pathway analysis of co-expressed genes was presented in
Supplementary Material 2 and Table 3.

Results of Immune Cell Infiltration and Its
Correlation With DEMRGs in AAA
Through the immune cell infiltration analysis, the relative
contents of 22 types of immune cells in 62 AAA samples

FIGURE 2 | The differential expression level and diagnostic value of DEMRGs in AAA. (A) The up-regulating expression level of YTHDF1; (B) The up-regulating

expression level of YTHDF2; (C) The up-regulating expression level of YTHDF3; (D) The down-regulating expression level of FTO; (E) The up-regulating expression

level of YTHDC1; (F) The up-regulating expression level of RRP8; (G) The up-regulating expression level of TRMT61A; (H) The down-regulating expression level of

ALKBH1; (I) The LASSO regression model established by 8 DEMRGs; (J) The coefficients plot of 8 DEMRGs in the LASSO model; (K) The ROC curves with AUC

values of 6 key AAA-related m1A regulators.
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TABLE 3 | GO and KEGG enrichment terms of co-expressed genes of DEMRGs.

Category Term Count Adj. P value

GO∼BP GO:0006401∼RNA catabolic process 223 1.31E-24

GO:0042119∼neutrophil activation 223 1.98E-12

GO:0002446∼neutrophil mediated immunity 219 1.85E-11

GO:0043312∼neutrophil degranulation 218 1.67E-12

GO:0002283∼neutrophil activation involved in immune response 218 2.80E-12

GO:0010498∼proteasomal protein catabolic process 214 1.20E-11

GO:0006605∼protein targeting 204 4.02E-13

GO:0008380∼RNA splicing 202 1.39E-08

GO:0006402∼mRNA catabolic process 201 7.84E-22

GO:0034248∼regulation of cellular amide metabolic process 200 3.50E-07

GO:0022613∼ribonucleoprotein complex biogenesis 194 1.99E-07

GO:0034660∼ncRNA metabolic process 192 1.18E-05

GO:0009896∼positive regulation of catabolic process 188 8.08E-08

GO:0043161∼proteasome-mediated ubiquitin-dependent protein catabolic process 187 8.80E-10

GO:1901987∼regulation of cell cycle phase transition 187 1.39E-05

GO∼CC GO:0005743∼mitochondrial inner membrane 218 3.83E-12

GO:0005759∼mitochondrial matrix 214 1.29E-12

GO:0030055∼cell-substrate junction 204 8.87E-16

GO:0005925∼focal adhesion 203 3.04E-16

GO:0005774∼vacuolar membrane 189 4.20E-10

GO:0016607∼nuclear speck 179 2.90E-09

GO:0005635∼nuclear envelope 165 0.004652

GO:0005765∼lysosomal membrane 163 3.65E-08

GO:0098852∼lytic vacuole membrane 163 3.65E-08

GO:0005769∼early endosome 156 2.47E-06

GO:0005819∼spindle 152 2.42E-05

GO:0005667∼transcription regulator complex 149 0.003521

GO:0031252∼cell leading edge 149 0.004348

GO:0098798∼mitochondrial protein-containing complex 145 1.83E-16

GO:0031300∼intrinsic component of organelle membrane 143 0.012147

GO∼MF GO:0003712∼transcription coregulator activity 210 2.14E-08

GO∼MF GO:0030695∼GTPase regulator activity 178 0.005691

GO:0045296∼cadherin binding 156 1.99E-08

GO:0140098∼catalytic activity, acting on RNA 151 0.004986

GO:0140297∼DNA-binding transcription factor binding 146 0.009294

GO:0044389∼ubiquitin-like protein ligase binding 136 2.57E-05

GO:0031625∼ubiquitin protein ligase binding 126 0.000154

GO:0061629∼RNA polymerase II-specific DNA-binding transcription factor binding 116 0.00045

GO:0003713∼transcription coactivator activity 113 0.000179

GO:0051020∼GTPase binding 110 2.21E-07

GO:0003735∼structural constituent of ribosome 93 2.54E-07

GO:0031267∼small GTPase binding 91 2.33E-05

GO:0008022∼protein C-terminus binding 85 0.000367

GO:0003714∼transcription corepressor activity 83 0.000613

GO:0043021∼ribonucleoprotein complex binding 79 4.47E-09

KEGG hsa05022∼Pathways of neurodegeneration - multiple diseases 202 2.45E-05

hsa05014∼Amyotrophic lateral sclerosis 169 6.75E-07

hsa05010∼Alzheimer’s disease 152 0.009071

hsa05016∼Huntington disease 137 4.67E-05

hsa05012∼Parkinson’s disease 126 5.68E-06

hsa05020∼Prion disease 125 3.76E-05

(Continued)
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TABLE 3 | Continued

Category Term Count Adj. P value

hsa05132∼Salmonella infection 109 0.000898

hsa04714∼Thermogenesis 107 9.05E-05

hsa04144∼Endocytosis 105 0.007389

hsa05171∼Coronavirus disease - COVID-19 104 0.000458

hsa05131∼Shigellosis 103 0.008748

hsa05208∼Chemical carcinogenesis - reactive oxygen species 100 0.000606

hsa05203∼Viral carcinogenesis 85 0.021432

hsa05415∼Diabetic cardiomyopathy 84 0.027233

hsa04141∼Protein processing in endoplasmic reticulum 83 9.30E-05

GO, Gene Ontology; BP, biological processes; CC, cellular components; MF, molecular functions; KEGG, Kyoto Encyclopedia of Genes and Genomes; Adj. P value, Adjusted P value;

DEMRGs, differentially expressed m1A regulatory genes.

FIGURE 3 | The immune infiltration landscape of AAA. (A) The composition of 22 types of immune cells in each sample; (B) The correlation among immune cells in

AAA samples, with red representing positive correlation and blue representing negative correlation. Correlation results that were not statistically significant were shown

as blank; (C) The content of M0 macrophages in normal aortic samples and AAA samples; (D) The content of M1 macrophages in normal aortic samples and AAA

samples; (E) The content of plasma cells in normal aortic samples and AAA samples; (F) The content of activated mast cells in normal aortic samples and

AAA samples.

and 8 normal samples were calculated by the CIBERSORT
algorithm (Figure 3A). The landscape of immune infiltration
in AAA tissues indicated the significantly higher relative
proportions of M0 macrophages, M1 macrophages, plasma

cells and activated mast cells in AAA than normal tissues
(Figures 3C–F). Moreover, after filtering out 8 immune cell types
with extremely low proportions, the Pearson correlation analysis
was performed to evaluate the correlation among immune cells as

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 May 2022 | Volume 9 | Article 883155

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. m1A Regulation in AAA Pathogenesis

FIGURE 4 | The relationships between DEMRGs and immune cells. (A) Scatter plot of the correlation between YTHDF3 and activated mast cells; (B) Scatter plot of

the correlation between YTHDF3 and plasma cells; (C) Scatter plot of the correlation between YTHDF3 and regulatory T cells (Tregs); (D) Scatter plot of the correlation

(Continued)
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FIGURE 4 | between YTHDF3 and M1 macrophages; (E) Scatter plot of the correlation between YTHDF1 and M1 macrophages; (F) Scatter plot of the correlation

between YTHDF2 and M1 macrophages; (G) Scatter plot of the correlation between YTHDF1 and M2 macrophages; (H) Scatter plot of the correlation between

YTHDF3 and M2 macrophages; (I) Correlation heat map of the relationships between DEMRGs and immune cells, with red representing positive correlation, blue

representing negative correlation and NA representing no statistical significance.

FIGURE 5 | The validation of the expression of DEMRGs at mRNA level in AAA tissue samples compared with the healthy control aortic samples, analyzed by

RT-qPCR. (A) The relative expression of YTHDC1 in two groups; (B) The relative expression of YTHDF1 in two groups; (C) The relative expression of YTHDF3 in two

groups; (D) The relative expression of YTHDF2 in two groups; (E) The relative expression of RRP8 in two groups; (F) The relative expression of TRMT61A in two

groups. *P < 0.05.

well as the correlation between DEMRGs and immune cells in all
samples (Figures 3B, 4I). For example, activated dendritic cells
were markedly positively correlated with naive B cells (R = 0.53)
and monocytes (R = 0.49); M0 macrophages were significantly
correlated with activated mast cells (R= 0.47).

As for the relationship between DEMRGs and immune cells,
we found that YTHDF3 had the most significantly positive
correlation with various immune cells, such as activated mast
cells (R = 0.73), Treg cells (R = 0.59), plasma cells (R =

0.52), M1 macrophages (R = 0.53), and M2 macrophages (R
= 0.51). Among these immune cells, macrophages served as
the appropriate research subject for the further analysis of
YTHDF3’s regulatory effect, due to its known important role in
the formation and progression of AAA. Besides, some of the

typical correlations between DEMRGs and immune cells were
presented in scatter diagrams (Figures 4A–H).

The mRNA Expression Levels of
Up-Regulated DEMRGs in AAA Samples
Thereafter, 6 up-regulated DEMRGs, including YTHDC1,
YTHDF1-3, RRP8, and TRMT61A, were validated by RT-qPCR
analysis for their relative expression at mRNA level (Figure 5). In
our current study, the mRNA expressions of YTHDC1, YTHDF1,
and YTHDF3 were observed up-regulating in the AAA tissue
samples relative to normal tissues (FC = 4.606, P = 0.043; FC
= 26.927, P value = 0.031; FC = 5.426, P = 0.043). Differences
in YTHDF2, RRP8, and TRMT61A at mRNA levels were not
significant (P = 0.364, P = 0.567, and P = 0.775).
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FIGURE 6 | The expression of YTHDF3 at protein level and its cellular localization in AAA tissues. (A) The images of Western Blot staining for YTHDF3 and GAPDH in

each sample; (B) The box plot showing the relative expression of YTHDF3 (normalized to the signal intensity of GAPDH) in AAA and normal aortic samples; (C) The

photographs of immunofluorescence for human AAA sections stained with CD68, YTHDF3 and 4’, 6-diamidino-2-phenylindole (DAPI). *P < 0.05.

Hence, 3 AAA-Related m1A regulators named YTHDC1,
YTHDF1, and YTHDF3were validated as up-regulated DEMRGs
in our AAA samples.

The Protein Expression and Cellular
Localization of YTHDF3 in AAA Tissues
We selectively performed Western Blot analysis for YTHDF3
in AAA and normal aorta tissues, because of its potential high
diagnostic value, its strong positive correlation with immune
infiltration and its up-regulating expression at mRNA level
in human AAAs. Figures 6A,B displayed the blot images of
YTHDF3 and its relative expression levels measured through
Western blotting in all samples. The protein expression level
of YTHDF3 in AAA tissue samples was significantly increased
compared with healthy control aortic tissue samples (FC= 3.475,
P = 0.012), in accordance with the RT-qPCR result.

Later, to further validate the relationship between YTHDF3
and macrophages, the AAA wall co-localization of YTHDF3
with macrophage surface marker CD68 was examined using IF
double staining analysis (Figure 6C). The IF result showed a
significant infiltration of macrophages in AAA adventitia. Here,
we could also clearly observe that YTHDF3 and CD68 were co-
expressed in the one cell in AAA adventitia, which indicated
the potential significance of studying the role of YTHDF3 in
macrophage functions.

The Up-Regulation Relative Expression of
YTHDF3 Associated With Macrophage M1
Polarization
Since the immune cell infiltration analysis together with
the IF experiment illustrated the strong correlation between
YTHDF3 and M1/M2 macrophages, we started to focus
on the association between YTHDF3 and macrophage pro-
inflammatory M1 polarization, which was involved in the
immune-driven destruction of the aortic wall. Firstly, after the
LPS/IFN-γ stimulus, the expression of M1 phenotype marker
CD86 and IL12 significantly increased, indicating an ideal M1
macrophages experimental model (Figures 7A,B). Thereafter,
the relative expression of YTHDF3 in M0 macrophage and M1
macrophage was determined by Western Blot analysis and the
result showed an up-regulating tendency of YTHDF3 in M1
macrophage than M0 macrophage (FC = 1.412) but with the P
= 0.149 (Figures 7C,D).

The Role of YTHDF3 in the M1/M2
Phenotype Transition of M0 Macrophage
For the aim of further exploring the mechanism underlying
the regulation of YTHDF3 in macrophage M1/M2 polarization,
siRNA transfection experiment was performed to specifically
knock down the expression of YTHDF3 in RAW264.7 cells. The
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FIGURE 7 | The induction of macrophages M1 polarization and the determination of YTHDF3 expression in M0 and M1 macrophages. (A) The expression of M1

phenotype marker, CD86, in M0 macrophages and LPS/IFN-γ induced M1 macrophages, measured by RT-qPCR; (B) The expression of M1 phenotype marker, IL12,

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 May 2022 | Volume 9 | Article 883155

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. m1A Regulation in AAA Pathogenesis

FIGURE 7 | in M0 macrophages and LPS/IFN-γ induced M1 macrophages, measured by ELISA; (C) The images of Western Blot staining for YTHDF3 and β-Actin, in

M0 and LPS/IFN-γ induced M1 macrophages; (D) The relative expression of YTHDF3 (normalized to the signal intensity of β-Actin) in M0 and LPS/IFN-γ induced M1

macrophages. LPS, lipopolysaccharide; IFN-γ, interferon-γ. **P < 0.01, ***P < 0.001.

RT-qPCR result ofYTHDF3 indicated an ideal ythdf3 knockdown
efficiency (FC = 0.199, P < 0.0001, Supplementary Material 3).
Later, the RT-qPCR analysis was conducted to analyze the relative
expression of M1 phenotype markers (CD86, iNOS, TNFα)
and M2 phenotype markers (CD206, Arg-1, TGFβ). The results
demonstrated that siRNA knockdown of YTHDF3 inhibited
macrophages M1 polarization and at the same time promoted
macrophages M2 polarization (Figures 8A,B).

YTHDF3 Knockdown Impaired LPS/IFN-γ
Induced Macrophage M1 Polarization
For the YTHDF3 knockdown group, subsequent induction of
macrophage M1 polarization was carried out and the expression
of Inducible Nitric Oxide Synthase (iNOS,NOS2) and Interleukin
12 (IL12), two of the biomarkers and functional products of M1
macrophages, was tested through Western Blot and ELISA. The
comparisons were performed among si-ythdf3+M1 polarization
macrophage group, M1 macrophage group and M0 macrophage
group. The result showed that YTHDF3 knockdown significantly
impaired LPS/IFN-γ induced macrophage M1 polarization, and
meanwhile attenuated the secretion of inflammatory factor IL12,
significantly reversing theM0 toM1 polarization of macrophages
(Figures 8C,E).

The RIP-Seq Results and the Prediction of
YTHDF3 Downstream Targets Participating
in AAA Progression
First of all, the RIP-Seq result of YTHDF3 in AAA tissue
and healthy control sample was independently uploaded to the
dataset SRX9734810 and SRX9734811, respectively, in NCBI
SRA database. Afterwards, 2,298 AAA-specific YTHDF3-binding
genes were yielded via the comparison with control group
(Supplementary Material 4). Then, the overlapping of AAA-
specific YTHDF3-binding genesYTHDF3, up-regulated DEGs
in AAA and positively co-expressed genes of YTHDF3 in
AAA was conducted to obtain an intersection of 681 genes
(Figure 9A). In addition, these 681 key intersection genes and
YTHDF3 were input into the STRING database to construct
a PPI network (Supplementary Material 5). The two-level PPI
network centered on YTHDF3 was visualized by Cytoscape
(Figure 9B). Thereafter, hub genes with top 20 MCC values
or node degrees were identified and visualized in circular
networks by CytoHubba (Figures 9C,D and Tables 4, 5). After
the combination of two hub gene lists, the final 30 hub genes
were predicted as YTHDF3 downstream target genes (DTGs)
participating in AAA progression. At last, MCODE plugin in
Cytoscape was used to perform sub-network analysis of the
whole PPI network. The sub-network with the highest cluster
score was displayed in Figures 9E,F and hub genes identified by

MCC method and Degree method were marked yellow in the
diagram, respectively.

DISCUSSION

Abdominal aortic aneurysm (AAA) is a severe vascular disease
that can carry extremely high mortality rates (8). Currently, there
remains a paucity of medical therapies to help mitigate the rate of
aneurysm growth and prevent AAA rupture (29). However, the
consistent research progress on the roles of epigenetic regulation,
especially RNA methylation in AAA pathogenesis, has opened
up new therapeutic possibilities of AAA. For instance, Zhong
et al. pointed out that METTL3 induces AAA development
by modulating N6-Methyladenosine (m6A)-dependent primary
miR34a processing (30). Similar to m6A modification, N1-
Methyladenosine (m1A) is a typical type of RNA methylation,
executing its biological functions through post-transcriptional
regulation. Besides its role in tumorigenesis and many other
biological processes (31), characteristic m1A modification and
regulation have been reported in the pathophysiology of various
cardiovascular diseases (CVDs) (17, 32, 33). Hence, it is of
great significance to explore the role of m1A regulation in AAA
occurrence and development.

First of all, in the bioinformatics analysis part of this
study, we identified 8 DEMRGs and their co-expressed genes,
followed by the GO/KEGG enrichment analysis. The result
indicated that these m1A regulators and their related genes were
significantly associated with biological processes like neutrophil
activation/neutrophil-mediated immunity, ncRNA metabolic
process and regulation of cell cycle phase transition. Scientists
have found that the number of neutrophils and neutrophil-
lymphocyte ratio is not only correlated with in-hospital mortality
in symptomatic unruptured AAA patients (34), but also the
overall mortality after endovascular AAA repair (35). Therefore,
m1A regulators and their related genes probably influence the
prognosis of AAA via regulating the immune infiltration in
AAA. In addition, the ncRNA regulation of programmed cell
death in VSMCs is gaining increasing attention nowadays. Le
et al. and Wang et al. illustrated that long non-coding RNA
(lncRNA) GAS5 is able to regulate human aortic smooth muscle
cells (HASMCs) apoptosis and proliferation through the miR-
185-5p/ADCY7miR-185-5p/ADCY7 axis, thus promoting AAA
formation (36, 37). From this perspective, our study implied that
the interplay between m1A regulation and non-coding RNAs
may cause the programmed cell death of VSMCs by modulating
the cell cycle phase transition. Furthermore, enrichment analysis
showed that DEMRGs and their related genes were highly
expressed in the cellular components including cell-substrate
junction and focal adhesion, then executive molecular function
like cadherin binding and participate in cell communication. A
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FIGURE 8 | The role of YTHDF3 in the M1/M2 polarization of M0 macrophages. YTHDF3; (A) The relative expression of M1 phenotype markers (CD86, iNOS and

TNFα) in M0 macrophages and si-ythdf3 macrophages, analyzed by RT-qPCR; (B) The relative expression of M2 phenotype markers (CD206, Arg-1 and TGFβ) in M0

(Continued)
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FIGURE 8 | macrophages and si-ythdf3 macrophages, analyzed by RT-qPCR; (C) The images of Western Blot staining for iNOS and β-Actin, in M0 macrophages,

LPS/IFN-γ induced M1 macrophages and si-ythdf3+M1 polarization macrophages; (D) The relative expression of iNOS (normalized to the signal intensity of β-Actin)

in M0 macrophages, LPS/IFN-γ induced M1 macrophages and si-ythdf3+M1 polarization macrophages; (E) The expression of IL12 in M0 macrophages, LPS/IFN-γ

induced M1 macrophages and si-ythdf3+M1 polarization macrophages, measured by ELISA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; iNOS, inducible

nitric oxide synthase; TNFα, tumor necrosis factor-α; Arg-1, arginine-1; TGFβ, transforming growth factor-β.

variety of studies have proved that the intercellular interaction
and cell communication among VSMCs, immune cells and
human aortic endothelial cells (hAECs) are strongly associated
with AAA progression (38, 39). The KEGG pathway enrichment
indicated a significant involvement of m1A regulators and their
regulatory genes in pathways of reactive oxygen species (ROS),
which is considered as a key factor of vascular oxidative stress,
contributing to AAA pathogenesis (40, 41).

Secondly, RT-qPCR analysis verified that three of the m1A
regulators, named YTHDC1, YTHDF1 and YTHDF3, were
up-regulated in AAAs at mRNA level. YTHDC1, YTHDF1
and YTHDF3, both containing the YTH (YT521-B homology)
domain, belong to the “readers” family of m1A methylation,
functioning as methylation recognition enzymes that can read
methylation sites and corporate with methylases (proteins of
“writers” family) (17). YTHDC1 may participate in the RNA
alternative splicing and affect the export of methylated mRNA
from the nucleus to the cytoplasm, acting as the biomarker of
prostate cancer and colon adenocarcinoma (42). YTHDF1 and
YTHDF3 have all been identified as translation regulators, which
are responsible for interacting with different mRNA targets (43).
Besides, while YTHDF1 functions in translation regulation, its
partner, YTHDF3, can serve as a hub for fine-tuning the RNA
accessibility of YTHDF1, significantly promoting the translation
of its target mRNAs by interacting with YTHDF1 (42). Other
reports also demonstrated that cytoplasmic YTHDF3 promotes
mRNA translation in synergy with YTHDF1, meanwhile affecting
methylated mRNA decay mediated through YTHDF2 and serves
as an initiation factor of protein synthesis from circRNAs
in human cells (44–46). For the potential roles of YTHDF3
in cardiovascular diseases, genome-wide association studies
(GWAS) showed that SNP rs4739066 on YTHDF3 is significantly
associated with myocardial infarction (MI) and Shi et al. also
found that YTHDF3 is dramatically differentially expressed inMI
tissues compared with normal controls (47, 48).

Recent studies have frequently associated m1A regulator-
mediated modification patterns with tumor microenvironment-
infiltrating immune cells or other immunological characteristics
in cancers like Colon Cancer and Ovarian Cancer (19, 49).
According to the first part of our bioinformatics analysis, we
also concluded that m1A regulators and their related genes were
significantly associated with the regulation of innate immunity
and immune cells in AAA. Additionally, the role of aortic
wall inflammation together with the immune infiltration in the
abdominal aorta was reckoned as having high diagnostic and
therapeutic potential of AAA (50, 51). As a result, we further
conducted the immune infiltration analysis of AAA to explore
the immune landscape of AAA as well as the correlation between
key AAA-related m1A regulators and immune cells. Then, M0

macrophages, M1 macrophages, plasma cells and activated mast
cells were identified as significant immune infiltrates cells in
AAA. This result also reflected the diverse roles of macrophages
polarization in AAA pathogenesis (24, 52, 53). However, due to
the lack of relevant reports, the role of activated mast cells and
plasma cells in AAA pathogenesis remains unclear. From this
perspective, focusing on the relationship between macrophages
and key AAA-related m1A regulators, we revealed a strong
positive correlation between YTHDF3 and M1/M2 macrophages
and validated it in human AAA tissues. Therefore, in order to
further explore the m1A regulation of macrophages polarization,
YTHDF3 and macrophages were both selected as the research
subjects for our subsequent in-vitro experiments.

Through the analysis after M1 polarization of RAW264.7
cells and the knockdown of ythdf3, YTHDF3 was verified
to have a positive correlation with M1 macrophages and
play an essential role in the promotion of macrophages M1
polarization. This finding provides a potential strategy of targeted
therapy for AAA. To be specific, the specific knockdown of
ythdf3 in macrophages can effectively inhibit macrophage M1
polarization and facilitateM2 polarization. Therefore, the specific
inhibitor of YTHDF3 expression may serve as a modulator
in the adaption of macrophage M2 polarization, which will
decrease the secretion of matrix metalloproteinases (MMPs),
facilitate reparative processes in aortic wall and attenuate the
vascular inflammation by down-regulating the expression level
of inflammatory cytokines like IL1β and TNF, up-regulating the
secretion of anti-inflammatory cytokines and chemokines like
IL10 and TGFβ (24, 54, 55). To sum up, YTHDF3 has the
potential to become a novel therapeutic target for AAA due to
its modulation of macrophages polarization and the restoration
of the M1 phenotype/M2 phenotype ratio at the site of AAA.

Lastly, we performed RIP-Seq analysis for YTHDF3 and then
used bioinformatics methods for PPI network analysis to dig
the potential downstream target genes (DTGs) of YTHDF3.
Thereafter, several DTGs of YTHDF3 comprising mTOR, CD44,
ITGB1, ITGAVITGAV, STAT1, and STAT3, etc. were identified to
play potential roles in AAA formation and development. As for
CD44, studies have proved that an enhanced expression of CD44
exists in AAA, participating in the chronic vascular inflammation
and the appearance of ectopic adipocytes in AAA wall (56, 57).
Macrophages, as the major source of abundant CD44, can express
various CD44 variants, especially soluble CD44, to stimulate
the expression and release of pro-inflammatory cytokine, IL1β,
from ECs (56). It is also worth mentioning that novel chemo-
photothermal synergistic therapy targeted on CD44-positive
inflammatory macrophages is being developed for the treatment
of atherosclerosis (58). In addition, mTOR, a signaling molecule
also called the mechanistic target of rapamycin, has been
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FIGURE 9 | The construction of PPI network based on the RIP-Seq result and the prediction of YTHDF3 downstream targets participating in AAA progression.

(A) The Venn diagram showing the overlapping of the AAA-specific YTHDF3-binding genesYTHDF3, YTHDF3 co-expressed (+) genes and up-regulated DEGs in AAA.

(Continued)
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FIGURE 9 | (B) The two-level PPI network centered on YTHDF3; (C) The interactions among proteins with the top 20 MCC values in the whole PPI network. Red

represents higher MCC values and yellow represents lower MCC values; (D) The interactions among proteins with the top 20 node degrees in the whole PPI network.

Red represents higher node degrees and yellow represents lower node degrees; (E) The sub-network with the highest cluster score in the whole PPI network. Hub

genes (identified by MCC method) existing in this sub-network were marked yellow; (F) The sub-network with the highest cluster score in the whole PPI network. Hub

genes (identified by Degree method) existing in this sub-network were marked yellow. MCC, Maximal Clique Centrality.

TABLE 4 | Hub Genes with the Top 20 MCC values in the PPI network.

Rank Hub gene MCC value

1 ACTB 6.17E+08

2 AKT1 6.16E+08

3 CTNNB1 6.16E+08

4 MYC 6.16E+08

5 JUN 6.16E+08

6 STAT3 6.16E+08

7 CCND1 6.15E+08

8 PTEN 6.11E+08

9 FOXO3 6.10E+08

10 MTOR 5.63E+08

11 GSK3B 5.23E+08

12 MCL1 4.87E+08

13 RPS6KB1 4.83E+08

14 NOTCH1 1.21E+08

15 ITGB1 8.94E+07

16 ITGAV 8.93E+07

17 COL4A2 8.87E+07

18 COL4A1 8.87E+07

19 ITGB5 8.86E+07

20 ITGA5 8.84E+07

PPI, Protein-Protein Interaction; MCC, Maximal Clique Centrality.

identified as a key factor in the PI3K/Akt/mTOR or the
AMPK/mTOR signaling pathway (59, 60). The overactivation
of mTOR signaling accelerates AAA expansion via affecting the
phenotype transition of VSMCs, macrophages infiltration,MMPs
expression, and inflammatory cytokine production (61). Hence,
mTOR is also reckoned as a potential target for AAA drug
therapy including rapamycin, metformin (MET) and Gambogic
acid (59, 60, 62). As for the integrin family (including ITGB1,
ITGAV, ITGA1, etc.), Zheng et al. showed that the activation
of integrin/CD44 pathway will stimulate autophagy in VSMCs,
facilitating the development of AAA (63). Scholars also found
that the deficiency of specific integrin genes or the inhibition
of integrin signaling pathways may ameliorate AAA progression
by attenuating the infiltration of macrophages and decreasing
the expression and activity of MMPs as well as reducing ECM
degradation (64–67). Besides, the wide involvement of JAK-STAT
pathway in AAA can modulate cytokine expression and immune
cell activation, thus influencing the progression of AAA (68). Wu
et al. and Xiao et al. independently pointed out that the blocking
of JAK2/STAT3 will result in the inhibition of experimental
AAA growth through modulating aortic inflammation (69,
70). There are also reports about the role of STAT1/STAT3

TABLE 5 | Hub genes with the Top 20 degrees in the PPI network.

Rank Hub gene Node degree

1 AKT1 102

2 ACTB 101

3 CTNNB1 91

4 MYC 75

5 JUN 64

6 STAT3 57

7 PTK2 57

8 ITGB1 56

9 PTEN 52

10 CREBBP 51

11 HSPA4 46

12 FYN 44

13 FOS 43

14 SRSF1 43

15 HSP90AB1 43

16 STAT1 42

17 CD44 41

18 ACTG1 41

19 CCND1 40

20 ITGAV 40

PPI, Protein-Protein Interaction.

in the regulation of macrophages M1/M2 ratio (71–74),
which imply the potential molecular mechanism underlying
YTHDF3-modulated macrophage polarization, participating in
the pathophysiological processes in AAA development.

Overall, our research is the first to observe that N1-
Methyladenosine (m1A) regulators related genes are associated
with the pathogenesis of abdominal aortic aneurysm through
YTHDF3 modulating macrophage polarization. Since the
primary function of YTHDF3 in macrophages is illustrated
and the AAA-related target genes of YTHDF3 are predicted,
we believe the m1A regulation mechanism regarding YTHDF3
will provide innovative potential targets for AAA therapy via
adapting macrophage phenotypes. However, further research
attempts are required to overcome the limitations of this study.
For one thing, in-vivo experiments in animal models are required
to confirm the regulatory effect of YTHDF3 on macrophages
polarization and AAA progression. For another, the detailed
m1A epigenetic mechanism centered on the interaction between
YTHDF3 and other regulators, regulating the translation of target
transcripts, needs to be explored through following research.
Moreover, the m1A regulation involved in the interplays among
macrophages, vascular endothelial cells (ECs), VSMCs and
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immune cells is also worth studying. Further research progress
may shed some light on the role of m1A epigenetic regulation
in AAA etiology as well as its promising future in the treatment
of AAA.

CONCLUSION

Our study for the first time systematically analyzed the expression
pattern of m1A regulatory genes in human abdominal aortic
aneurysms and identified the key AAA-related m1A regulators.
The research results showed that YTHDC1, YTHDF1 and
YTHDF3 may act as m1A “readers” to regulate their related
genes via m1A modification, participating in the pathogenesis
of human AAA. Moreover, the correlation between key AAA-
related m1A regulators and immune cells were revealed by
immune infiltration analysis in AAA. Thereafter, the significant
correlation between YTHDF3 and macrophages was verified in
human AAA tissues. Now, we have found that YTHDF3 may
play an essential role in the pathogenesis of AAA by promoting
macrophage pro-inflammatory M1 polarization. Our research
provided novel insights into the etiology of AAA from the
aspect of m1A epigenetic regulation of macrophage polarization.
Our studies also paved the way for better understanding
the molecular mechanism lying under YTHDF3-modulated
macrophage polarization and exploring the genes targeted for
m1A RNA methylation modifications that are able to impact
AAA progression.
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